The aim of this study was to investigate the effect and underlying mechanisms of short-term high-intensity sound exposure on guinea pigs to mimic the effects of non-lethal anti-riot weapons. A total of 92 male adult guinea pigs were exposed to high-intensity sound at 0 dB, 110 dB and 130 dB for 5 min. Basic clinical observation, repellent behaviour detection, peripheral blood routine examination, serum cortisol detection and hearing ability assessment were performed to analyse the functional changes after high intensity sound exposure. Meanwhile, routine haematoxylin and eosin staining, scanning electron microscopy and transmission electron microscopy were used to observe the structure of the cochlear tissue. To investigate the mechanisms underlying the tissue changes, the levels of apoptosis and caspase 3, 8 and 9 were detected using TUNEL staining and immunohistochemistry. After short-term exposure to high-intensity sound, the guinea pigs exhibited fear and agitation, increased repulsive behaviour, high serum cortisol and an increase in auditory threshold. The inner hair cells and outer hair cells exhibited degeneration. In addition, apoptosis was observed in the cochlear tissue. After short-term exposure to high-intensity sound, the guinea pigs exhibited not only stress reactions but also impaired hearing and signs of hair cell degeneration. Apoptosis in the cochlear tissue may play an important role in the functional and structural injuries caused by high-intensity sound.
INTRODUCTION
It is well-known that noisy environments are inevitable because of the rapid development of industrialization, and noise-induced hearing loss (NIHL) has become a severe disease worldwide (Ide and Morimitsu, 1990; Akdogan et al., 2009; Jacob et al., 2013) . However, high-intensity sound exposure, which may not occur commonly in the environment, has been transformed as a novel non-lethal weapon that can be used by authorities to disperse crowds.
Hearing detection is the most direct way to evaluate damage caused by high-intensity sound (Pawlaczyk-Luszczynska et al., 2011) . Specifically, the evaluation of auditory thresholds is one of the most important and common methods used in hearing detection (Saedi et al., 2013; Chen et al., 2014) . Cochlear injuries were found to be the most significant change following noise or exposure to intensive sound (Maison et al. 2013) . Varying degrees of structural and functional changes and recovery can be observed in the hours to weeks following the exposure (Fernandez et al., 2015) . Cochlear changes have become a pri-mary focus in the study of sound-induced hearing problems . Changes of inner hair cells (IHCs) and outer hair cells (OHCs) are the most significant effect in sound-induced hearing loss due to various causes, such as aging and noise Sergeyenko et al., 2013; Heeringa and van Dijk, 2014) . Studies have shown that after noise exposure, necrosis and apoptosis occurred simultaneously in the cochlea, and apoptosis was the main cause of the early death of hair cells (Zhang et al., 2014) . In a study in which guinea pigs were subjected to a narrow band noise centred at 4 kHz with 110 dB, 115 dB or 120 dB sound pressure levels (SPL), it was suggested that the apoptotic process may be involved in intense noise-induced hair cell death (Hu et al., 2000) . Adler et al. (1992) and Shoji et al. (2000) exposed one-day-old chicks and guinea pigs to 120, 125 and 115 dB noise for 5 h or 48 h to observe the injuries and investigate possible treatments. These and other studies primarily employed long exposure times, while there are few studies on the effects and mechanisms of short-term noise exposure. Therefore, in the present study, to clarify the effects of high-intensity sound exposure and the underlying mechanisms, guinea pigs were subjected to experiments in which we investigated their hearing ability, recovery situation, cochlear structure and occurrence of apoptosis.
METHODS

Animals and groups
To eliminate differences due to body weight, 152 adult male guinea pigs, 250±20 g, were randomly divided into the following three groups: the sham group (n=44), the 110 dB sonic exposure group (n=54) and the 130 dB sonic exposure group (n=54). All experiments were performed between 08:00 and 15:00. Ethical approval was obtained from the affiliated Hospital of Logistic College of Chinese People's Armed Police Forces. To eliminate psychophysiological effects, the guinea pigs in the sham group were also handled and processed in parallel to those in the sonic exposure group but without sonic radiation.
High-intensity sound exposure
A directional high intensity sound exposure system that is currently employed by police, model DSAD-2E (Third Institute of Electronic Corporation of China, Beijing, China), was used in this study. The frequency ranged from 600 Hz to 6 kHz with a maximum sound pressure of 152 dB. In this study, the sound pressure was set to 110 dB and 130 dB for 5 min. A Nor140 sound level meter (Norsonic Corporation, Norway) was used to calibrate and detect the exposure dose (Fig. 1) .
Repellent behaviour detection
A custom-made repulsive behaviour device was used to evaluate the reaction of the animals to the high-intensity sound exposure. A schematic diagram of this repulsive device is shown in Fig. 2 . The device consisted of three parts, the inner cage, the outer cage and the cuboid cage. The diameter of the inner round cage and the outer round cage was 30 cm and 70 cm, respectively. The length of the cuboid cage was 60 cm. All cages were made of stainless steel. Moreover, the inner round cage contained six small doors through which the animals could move to the outer round cage. There was one door in the outer round cage, which allowed the animals to enter the cuboid cage. The high-intensity sound generator was placed at the centre of the inner round cage during the experimental periods, and the animals were placed in the inner cage. Therefore, when the animals experienced intolerable sound, they were able to leave through any of the six inner doors to the outer round cage or even to the end of the cuboid cage. In this test, 90 guinea pigs (n=10 per group and 3 repeated experiments) were used. After the sound exposure, the number of animals that escaped was recorded for the subsequent statistical analysis.
Routine examination of peripheral blood and serum cortisol detection
Guinea pigs were anesthetized by intraperitoneal injection with 1% pentobarbital sodium (1 mL/100 g) immediately, 3 d, 7 d and 14 d after the strong acoustic exposure. A total of 100 μL of whole blood was added to a plastic centrifuge tube containing 5 μL of 7.5% EDTAK2, mixed, and subjected to haematological analysis using an MEK722 haematology analyser (Japan Optoelectronic Industry Co., Ltd, Japan). The red blood cell count (RBC), haemoglobin (HGB) levels, white blood cell count (WBC), platelet (PLT) levels and other cytological indicators were detected. In addition, at the indicated observation times, 1 mL of blood was also collected to prepare serum for analysis of cortisol (COR) concentration by radioimmunoassay.
Hearing ability assessment
The EP2.22 hearing system (Intelligent Hearing Systems, USA) was used in a sound-proof room to detect the auditory brainstem response (ABR). In this system, a 2-mm (inner diameter) plastic tube connected to a high-frequency converter passed the stimulation tone to the guinea pig's external auditory canal. The recording electrode was connected with the cranium, the reference electrode was connected to the test ear, and the ground electrode was placed on the nose tip. Short test tones of 1 kHz, 2 kHz, 4 kHz and 8 kHz were administered as stimulus tones. These tone bursts were performed according to the Blackman package mode with a 1-ms rise/ fall time, 4 ms for the short pure tone stimulus time, a stimulus frequency of 19.9 times/s, a bandpass filter of 0.1 to 3 kHz, 1024 superimposition times and 10 ms for the scan time. Moreover, the stimulus intensity began at 100 dB SPL and decreased 10 dB per time until a repeatable ABR waveform could not be drawn. Then, the stimulus intensity increased 5 dB per time until the ABR waveform was distinguished, which was set as the threshold value. This entire process was repeated three times to determine the mean value and standard deviation.
Cochlear structure observation
The guinea pigs were sacrificed immediately, 3 d, 7 d and 14 d after the strong acoustic exposure. The temporal bone was taken from the dorsal side. Under the dissecting microscope, the auditory vesicle was opened, the bony cochlea was exposed and the osseous bones were drilled. Then, the orange bones were removed, and the round window membrane was punctured. Neutral formalin fixation fluid was extracted with a glass dropper and perfused at the snail tip holes and round windows for 3 min. Then, the cochlear tissues were fixed in 10% neutral formalin fixation fluid for 24 h and decalcified with 10% EDTA for 10 to 14 days, after which routine haematoxylin and eosin (H&E) staining was performed. A light microscope was used to observe the basic structure and images were obtained with a DMI3000 camera (Leica Company, Germany). Immediately and 7 d after the strong acoustic exposure, the cochlear tissues were removed using the abovementioned methods, perfused with 3% glutaraldehyde phosphate buffer (0.1 M PBS, pH 7.4) for 3 min and fixed with 4% glutaraldehyde phosphate buffer for 24 h. The volute was removed under a dissecting microscope and perfused with a phosphate buffer solution and fixed in 1% osmium acid for 1.5 h to prepare the samples for scanning electron microscopy (SEM) observation. The S-4800 SEM (Hitachi, Japan) was used and pictures were taken.
The cochleae were isolated, washed with phosphate buffer and fixed with 1% osmium acid for 1 h. Then, the samples were dehydrated by gradient alcohol and embedded in epoxy resin to prepare the area for transmission electron microscopy (TEM) observation by the H7650 TEM (Hitachi, Japan).
Detection of cell apoptosis in the cochlea
The cochlear tissues were selected immediately, 3 d, 7 d and 14 d after the strong acoustic exposure. The paraffin sections were stained with TUNEL and all steps were performed according to the TUNEL Apoptosis Assay Kit (Roche, Switzerland). Violet blue granules in the nucleus indicated apoptotic cells. The number of positive cells was recorded under the light microscope at 200× magnification. Ten visual fields were randomly selected from each group, and the percentage of positive cells was calculated for statistical analysis.
To further clarify the location and intensity of caspase 3, 8 and 9 expression, immunohistochemical staining was performed in the exposure groups and the sham group. Anti-caspase 3, 8 and 9 antibodies (1:100; Bioworld Technology, USA), which were produced in rabbits, were the primary antibodies, and a polink-2 plus polymer horseradish peroxidase (HRP) detection system was used in this assay. Positive staining was visualized with a diaminobenzidine (DAB) kit (BOSTER, China), and sections were counter-stained with haematoxylin. Positive cells exhibited brown cytoplasm and light blue nuclei. The number of positive cells was recorded under the light microscope at 200× magnification. Ten visual fields were randomly selected from each group, and the percentage of positive cells was calculated for statistical analysis.
Statistical analysis
The data were presented as the mean (± standard deviation). Two-way analysis of variance (ANOVA) with repeated measures was performed using the software SPSS 11.0. Multiple groups were compared using SNK analysis. Differences at p<0.05 were considered to be significant. Group effect: compared to the sham group, *p<0.05, **p<0.01; compared to the 110-dB group, △ p<0.05, △△ p<0.01.
RESULTS
Changes of repulsive behaviours
In these experiments, when a guinea pig escaped from the inner round cage, the animal was classified as exhibiting repulsion behaviour. After three repeated experiments, compared to the sham group, the repulsion behaviour of guinea pigs in the 110-dB group and the 130-dB group significantly increased (p<0.01) ( Table I ). The results indicate that strong acoustic exposure at 110 dB and 130 dB caused guinea pigs to exhibit signs of fright and evasion.
Blood changes in routine examination and serum cortisol
Compared to the sham group, there were no significant changes in WBC, RBC, HGB and PLT levels in the guinea pigs from the two high-intensity sound exposure groups (Fig. 3A-D ). However, the serum level of cortisol increased significantly immediately following the sonic exposure in the 110-dB and 130-dB groups when compared with the sham group (p<0.05 or p<0.01). In addition, compared with the sham group, the corti- Table I . Effect of strong acoustic exposure on the repulsion behaviour in guinea pigs.
Groups
Numbers of escaped animals (n=10 per group)
The sham group 0.333±0.577
The 110-dB group 4.333±0.577**
The 130-dB group 7.667±0.577** sol concentration was also significantly increased in the 130-dB group at 3 d and 7 d (p<0.05) (Fig. 3E) .
Hearing changes
Immediately after the 110-dB and 130-dB high-intensity sound exposure, the hearing threshold of the guinea pigs increased significantly (p<0.05) compared with the pre-exposure level (Fig. 4B and Fig. 5B) . At 3 d after the sound exposure, the threshold in the 110-dB and 130-dB groups remained at a significantly elevated level compared to the pre-exposure level ( Fig. 4C and Fig. 5C ). At 7 d, the hearing level recovered to normal in the 110-dB group, while the hearing ability did not return to normal until 14 d in the 130-dB group (Fig. 4D and Fig. 5D ) (Table II) .
Morphological changes of the cochlea
In the sham group, the structures of the cochleae in the guinea pigs were normal, exhibiting three rows of OHCs, round nuclei, homogeneous chromatin and red cytoplasm. In addition, the IHCs exhibited mild oedema, and the structures of the supporting cells were also normal (Fig. 6A, D and G) . Immediately after the high-intensity sound exposure, the nuclei of the outer hair cells moved slightly to the side of the cell, and the cytoplasm of the OHCs and IHCs exhibited mild oedema in the 110-and 130-dB groups ( Fig. 6B and C) . At 7 d after the sonic exposure, the shift, deformation and deeply dyed state of the nuclei of the outer hair cells, and the cytoplasmic oedema of the OHCs and IHCs, were also found in the two exposure groups, especially in the 130-dB group (Fig. 6E and F) . At 14 d after the sonic exposure, the structures of the cochleae were restored to the normal state.
The ultrastructure of the cochlea was observed by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). As shown in Fig. 7 , the cochlea initially exhibited a neatly arranged single layer of IHCs and three layers of OHCs with complete chenille ( Fig. 7A and D) . Immediately after the 110-and 130-dB high-intensity sound exposure, the first row of OHCs was arranged irregularly and the stereocilia of the second and third row of OHCs were scattered and were no longer properly situated with the IHCs, especially for the 130-dB group ( and C). At 7 d after the sonic exposure, the 110-dB group exhibited a partial reversal of the changes, with a slightly neat arrangement of OHCs and lightly scattered and lodged IHCs (Fig. 7E) . However, in the 130-dB group at 7 d, the absence of stereocilia in the first row of OHCs and the irregularly arranged stereocilium in the second and third rows of OHCs were observed (Fig. 7 F) .
In the sham group, the outer hair cells of the cochlear organ of Corti were normal, exhibiting a clear boundary, round nucleus, complete and clear nuclear membrane, abundant mitochondria, Golgi and an endoplasmic reticulum in the cytoplasm without obvious swelling (Fig. 8A) . Small vacuoles were occasionally observed in the outer hair cells, while corresponding support cells with normal structure could be observed around the hair cells (Fig. 8D) . Swelling of the outer hair cells, cavitation of organelles and lipid droplets could be seen immediately after the 110-and 130-dB sonic exposure, especially after the 130-dB exposure ( Fig. 8B and C) . At 7 d after the high-intensity sound exposure, the abovementioned injuries were restored to normal in the 110-dB group (Fig. 8E) , while the lesions persisted at 7 d in the 130-dB group (Fig. 8F ).
Apoptotic changes in the Cochlear cells
There were no obvious positive IHCs or OHCs in the sham group after the TUNEL staining ( Fig. 9A  and D) . In the 110-dB group, no obvious positive cells were observed immediately after the sonic exposure (Fig. 9B ), but at 7 d after the sonic exposure, a significant increase in apoptotic cells was observed (p<0.01) (Fig. 9E) (Table III) . However, in the 130-dB group, significant apoptosis of the IHCs and OHCs was observed immediately and at 7 d after the sonic exposure (p<0.01) (Fig. 9C-D) (Table III) .
Changes in the expression of caspase 3, 8 and 9 in the cochlea
Compared with the sham group, the expression of caspase 3 in the outer hair cells of the cochlea increased significantly at 7 d in the 110-dB group and immediately and at 7 d after the sonic exposure in the 130-dB group (p<0.01) (Fig. 10) (Table IV) . Changes in the expression of caspase 8 and 9 were similar; significant positive changes were only detected in the 110-and 130-dB exposure groups at 7 d after the sonic exposure (p<0.01) (Fig. 11 and 12 ) (Table V-VI).
DISCUSSION
Loud sounds are a common cause of hearing loss. Intense sounds may result in permanent hearing loss, but lower levels typically cause a transient decrease in auditory sensitivity. The most common consequence of excessive exposure to noise is an elevation in hearing thresholds. Such elevations in thresholds may be permanent or temporary (Chen et al., 2014) . Noise exposure at low levels or low doses can damage hair cell afferent ribbon synapses without causing permanent threshold shifts (Saedi et al., 2013; Heeringa and van Dijk, 2014) . Studies have reported that initial damage to ribbon synapses in the cochleae of guinea pigs is largely repairable, and the repair process in ribbon synapses has been reported in guinea pigs after noise exposure . In our study, we evaluated high-intensity sound exposure in order to determine whether it is suitable for use by the police as a non-lethal weapon to disperse crowds. Repulsive behaviours were observed immediately after the 110-and 130-dB sound exposures in the guinea pigs, and the auditory thresholds recovered to normal at 7 d and 14 d in the 110-dB and 130-dB group, respectively, which indicated that the sound exposure applied in our experiment did not induce permanent injuries. Meanwhile, the basic haematological index also reflected essential physiological changes. In our study, we did not detect changes in WBC, RBC, HGB and PLT levels in the guinea pigs, which indicated the safety of the high intensity sound exposure.
Cortisol, which is the major glucocorticoid produced in the adrenal cortex, has been used as a measure of hypothalamic-pituitary-adrenal axis activity in stress research (Carrasco and Van de Kar, 2003; Miller et al., 2007) . Previous studies have revealed that industrial noise at levels > 80 dB has signifi- Fig. 6 . Eff ects of strong sonic exposure on the morphological changes in the cochlea. A-C: immediately after sonic exposure for the sham group, the 110-dB group and the 130-dB group, respectively; D-F: at 7 d after the sonic exposure for the sham group, the 110-dB group and the 130-dB group, respectively. G-H: at 14 d after the sonic exposure for the sham group, the 110-dB group and the 130-dB group, respectively. Scale bars=25 μm.
indicates the OHCs, indicates the IHCs.
cant effects on salivary cortisol levels in blue collar industrial workers (Fouladi et al., 2012) . Muchnik et al. (1998) also found that at the time of the complete arousal state in guinea pigs, norepinephrine levels and pulse rate increased significantly during noise exposure. Reaction to stress is a very important component in evaluating the basic physiological state. In our study, the serum cortisol levels in the guinea pigs exhibited a transient increase after the high-intensity sound exposure. The increase in serum cortisol in the 130-dB group persisted greater than 7 d after the sound exposure, but was no longer detectable at 14 d, indicating that the stress increase induced by the high-intensity sound was recoverable. Observation of the basic structure and ultrastructure of the cochlea was important for evaluating the effect of sound exposure on hearing because structural changes are the basis for functional abnormality. Jensen et al. (2015) reported that moderate acoustic overexposure in adult rodents caused acute injuries in IHCs and delayed degeneration of the auditory nerve; moreover, various sound pressure levels (SPLs) caused a reversible or permanent threshold shift in mice. The structural and functional injuries were aggravated with an increase in sound pressure level (SPL). Both the IHCs and OHCs may degenerate after noise exposure (Heeringa and van Dijk, 2014; . In our research, at 7 d and 14 d after the high-intensity sound exposure, the IHCs and OHCs exhibited varying degrees of recovery, according to the H&E staining, which indicated that the injuries caused by the sound exposure in our experiments were not permanent. Combining the results of the auditory threshold tests and H&E staining, we concluded that the injuries recovered to normal by 7 d and 14 d in the 110-and 130-dB group, respectively. To further clarify the effects of sound exposure on the cochlea, we explored the underlying mechanisms and determined the type of damage that occurred in the IHCs and OHCs.
Necrosis and apoptosis are two main processes of cell death. Necrotic cell death, which is a passive form of cell death, is associated with cell swelling. Necrosis eventually leads to damage of the surrounding tissue and the initiation of an inflammatory response, which can induce severe functional changes (Majno and Joris, 1995) . Apoptotic cell death is a programmed and highly regulated form of cell death. Apoptosis may occur as a means for the body to neatly eliminate unwanted or damaged/dying cells that could potentially damage neighbouring healthy cells (Hu et al., 2002; Han et al., 2013) . Recent studies have reported the occurrence of apoptosis in the noise-damaged cochlea (Hu et al., 2000; Hu, 2007) . Our results confirmed the occurrence of apoptosis in the noise-exposed cochlea by TUNEL staining, and indicated that apoptosis is the main process involved in the generation of the OHC and IHC lesion. Based upon the results of H&E staining and the auditory threshold tests, we concluded that apoptosis would not induce permanent injuries. In addition, the caspase family are known to play important roles in apoptosis (Han et al., 2007) . Moreover, caspases are central components of the machinery responsible for apoptosis (Shalini, 2015) . Caspases involved in apotosis are generally divided into two categories, the initiator caspases, caspase-2,-8,-9 and -10, and the effector caspases, which include caspase-3, -6, and -7 (Shi, 2002) . The expression of caspase 3, 8 and 9 also exhibited the same pattern as the occurrence of (Kominami, 2012) . The occurrence of apoptosis and the increased expression of caspase 3, 8 and 9 may be the basis for the effects of high-intensity sound exposure. Effects of sound exposure on aural ability have been studied for years, including Hes1 expression changes, deficits in repaired synapses, increased oxidative stress and decreased ATPase activity, reduced organ of Corti stiffness, alterations in cyclooxygenase 1 (COX-1) and 5-lipoxygenase (5-LO) expression and free radical formation (Matsunobu et al., 2009; Heinrich et al., 2010; Jacob et al., 2013; Lo et al., 2013; . However, most of these studies involved normal noise, and the exposure time was at least several hours; the effect of exposure to high-intensity sound for a short time is still unclear. Therefore, additional research on high-intensity sound exposure is warranted.
We found that in guinea pigs the injuries caused by exposure to 110 dB and 130 dB for 5 min were recoverable. The 130-dB high intensity sound induced more serious injuries compared with the 110-dB sound, and the injuries in the 130-dB group occurred earlier and lasted longer than those in the 110-dB group, indicating a dose-effect relationship. Moreover, apoptosis of IHCs and OHCs was the primary cause of cell death.
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